Introduction
============

Marfan syndrome (MFS) is an autosomal dominant genetic disorder with defects primarily in the connective tissues and caused by mutations in the gene *FIBRILLIN-1* (*FBN1*). It is a systemic disease, with an incidence of 1 in 3,000 to 5,000 individuals, of skeletal (disproportionate growth, scoliosis), ocular (lens dislocation and myopia), and cardiovascular (aortic root aneurysm and dissection) complications, among which a ruptured aortic aneurysm can be fatal. *FBN1* is a large gene located on chromosome 15q21.1 made of 66 exons [@B1] and its gene product FBN1 is an abundant component of microfibrils in the extracellular matrix (ECM). It is composed primarily of repeated calcium binding epithelial growth factor-like domains and 8-cysteine residue domains, which are only found in FBNs and transforming growth factor β (TGFβ)-binding proteins [@B2]. FBN1 is expressed as early as 10.5 d.p.c, in the aortic sac in mouse, and the signal remains intense in the aortic arch and pulmonary artery [@B3], [@B4]. In adult, FBN1 is distributed in the skin, lung, kidney, vasculature, cartilage, tendon, muscle, cornea, and ciliary zonules. FBN1 polypeptide aggregates to form microfibrils, which confer the elastic nature of connective tissues. Microfibrils, via binding with TGFβ and BMP ligands, can sequester both TGFβ and BMP complexes in a highly contextual manner [@B5].

Two models have been proposed to elucidate MFS pathogenesis: (1) haploinsuffiency model in which the decreased *FBN1* expression due to mutations is directly correlated to the severity of the disease, and (2) domainant negative effect model, in which abnormal FBN1 proteins perturb the polymerization of FBN1 to form microfibrils [@B6]. However, Judge et al. demonstrated that haplosufficieny in FBN1 is the major mechanism for MFS pathogenesis as overexpression of human FBN1 mutant polypeptide in wild-type (WT) mouse background showed no phenotypes associated with MFS, despite of the strong affinity to the normal Fbn1 [@B7]. Therefore, it is more likely that the decreased FBN1 level attenuate ECM integrity [@B8] and release extra TGFβ ligands, leading to MFS phenotypes [@B9]. TGFβ inhibitors have been found effective to improve pathologic manifestations in the lungs of mouse MFS models [@B9], mitigate arterial disease in MFS mice [@B10], [@B11] and the aortal aneurysm in MFS patients [@B12]. In addition, recent findings suggest that the elevated TGFβ signaling may result from epigenetic regulation of the *SMAD2* promoter in the SMCs of aneurysmal aortic wall, probably due to a compensatory mechanism [@B13].

Since MFS studies have, so far, largely relied on animal models or post-onset human samples, they may not exactly reflect the early developmental defects in MFS patients, and using pre-onset human models might provide new insight into the MFS etiology. Patient-derived induced pluripotent stem cells (iPSCs) have offered unprecedented opportunities to model [@B14]-[@B16] and genetically treat diseases [@B17]-[@B20]. Recently, it has been shown that human pluripotent stem cells (hPSCs) including both embryonic stem cells (ESCs) and iPSCs that carry a *FBN1* mutation had a reduced osteogenic differentiation, providing a potential tool to elucidate osteogenic defects in a human cellular model for MFS [@B21]. However, it is not entirely clear whether or not the phenotypes observed in this study is directly correlated to the *FBN1* mutations or genetic variations between the MFS cells and WT controls. This is indeed a concern especially in the light that many studies have shown the importance of using proper isogenic controls for characterizing disease-related iPSCs [@B22]-[@B25].

In this study, we derived iPSC lines from skin fibroblasts of a MFS patient with a nonsense mutation in *FBN1* gene, and corrected the mutation, for the first time, thus generating genetically identical isogenic control cells. In order to recapitulate the phenotypes associated with MFS, we differentiated both MFS and mutation-corrected (mc) iPSCs in parallel to cell types, which are often affected in MFS patients, mesenchymal stem cells (MSCs) and vascular smooth muscle cells (SMCs) to characterize potential MFS phenotypes. We found the mutation-associated phenotypic changes in microfibril formation, osteogenesis, contractility, and Ca^2+^ influx in these cells, which are consistent with their differential gene expression profiles. In addition, we mutated *FBN1* in both alleles in hES3-derived ENVY (GFP^+^) human ESC (hESC) line, referred to ENVY thereinafter [@B26], and found similar phenotypic changes in MSCs differentiated from the wild-type and mutated ENVY hESC. Thus, this study via both gain- and loss-of-function approaches on hPSCs confirmed the pathogenetic role of *FBN1* mutations in these phenotypic changes of SMCs and MSCs.

Results
=======

Generation of iPSCs from skin fibroblasts of a MFS patient
----------------------------------------------------------

By using a single excisable lentiviral vector to express OCT4, SOX2, KLF4, and C-MYC [@B27], we reprogrammed primary skin fibroblasts from a MFS patient (\#GM21974) deposited at Coriell Cell Repositories. The patient was a 58-years-old female with aortic dissection, myopia, ascending aortic aneurysms, pectus carinatum, high-arched plate, and dental crowding. One allele of her *FBN1* had a 2581C\>T (R861X in amino acid) mutation in exon 22 that caused premature termination of FBN1. Two independent iPSC clones were generated through reprogramming. Clone 1 was used throughout the study, and clone 2 was used in some designated experiments. First, we confirmed the silencing of the expression from the transgenes in the MFS-iPSCs by RT-PCR analysis using primers, specific for the RNAs of the exogenous *OCT4*, *SOX2*, *KLF4*, and *cMYC* genes (Figure [S1](#SM1){ref-type="supplementary-material"}A).

The MFS-iPSCs expressed typical pluripotency markers, including TRA1-60, NANOG, OCT4, and SSEA4 (Figure [1](#F1){ref-type="fig"}A). We further demonstrated the pluripotency of MFS-iPSC by PluriTest^®^ (an online software) on the basis of pluripotency and novelty scores [@B28] (Figure [1](#F1){ref-type="fig"}B). Following prolonged culture, MFS-iPSCs at passage 11 were karyotyped and found to have normal 46XX karyotype (Figure [1](#F1){ref-type="fig"}C). MFS-iPSCs could also form teratomas in severe combined immunodeficiency (SCID) mice (Figure [1](#F1){ref-type="fig"}D), suggesting their differentiation potential to develop into all the three germ layers.

To validate that the MFS-iPSCs contain the *FBN1* mutation as in the patient\'s fibroblasts, we amplified the genomic region containing the mutation site and analyzed the sequence by restriction fragment length polymorphism. The 2581C\>T mutation in *FBN1* creates a unique HphI restriction site. Following HphI digestion of PCR amplicons, three fragments were observed with the MFS fibroblasts and MFS-iPSCs, but only one fragment was observed with amplicons from the fibroblasts without the digestion (Figure [1](#F1){ref-type="fig"}E). This suggests that both MFS fibroblasts and MFS-iPSCs contained the same mutation in *FBN1*.

To test the TGFβ signaling level in the MFS cells, we transfected the MFS fibroblasts and the wild-type (WT) control fibroblasts HDFα with (TRE)~12~/TKprom-Luc [@B29], and then treated the cells with or without 10 μM SB431542 (an inhibitor of the TGFβ type II receptors) for 24 hours. Assay of relative luciferase activity in the cells demonstrated that the MFS fibroblasts had nearly 2-fold higher TGFβ signaling level than HDFα, and SB431542 inhibited the level in both groups (Figure [1](#F1){ref-type="fig"}F). However, no detectable difference was observed in luciferase activity between MFS- and WT-iPSCs primarily due to the lack of *FBN1* expression in undifferentiated hES or iPSC resulting in no discernable difference in the TGFβ signaling level caused by *FBN1* mutation (data not shown).

Correction of the *FBN1* mutation
---------------------------------

We and other have shown that genetic variations including copy number variations, loss of heterozygosity, and coding mutations exist among iPSC lines no matter they are derived from WT or patient samples [@B30]-[@B33]. Thus, it is essential to analyze patient-specific iPSC lines by comparing with isogenic control cell lines. We used TALEN-assisted genome editing to correct the *FBN1* mutation in the MFS-iPSCs (clone 1). We constructed two TALENs that can bind to two adjacent regions of 18 and 17 bp, respectively, near the mutation, using the Golden Gate TALEN Assembly Kit (Addgene). One TALEN recognition sequence incorporated the mutant sequence to make binding specific to the mutant allele while limiting its ability to bind to the WT allele. This was done to specifically modify the mutant allele and limit cutting of the WT and corrected alleles.

A targeting vector was constructed by assembling a cassette including a 5\' and 3\' *FBN1*-homologous arms of 650 and 844 bp, respectively, which flanked the human phosphoglycerate kinase 1 (PGK) promoter and neomycin-resistant gene (neo) for positive selection, and the suicide gene diphtheria toxin A (DTA) downstream of the 3\' homologous arm for negative selection (Figure [2](#F2){ref-type="fig"}A). The targeting vector included the WT sequence for mutation correction and a silent mutation that was in the recognition site for the second TALEN. The correction of the mutation along with the introduced silent mutation inhibited the ability for the TALEN pair to cut the targeting vector and more importantly the corrected allele once targeting occurred to limit unwanted mutations due to non-homologous end joining.

Following G418 selection, we isolated 30 cell clones and screened them via PCR using four sets of primers to determine the total gDNA (as a loading control), insertion of the designated elements from the targeting vector into the genome, and targeting at the disease locus, respectively. Out of the 30 clones, four (\#1, 2, 3, and 6, nearly \~13%) were identified to have correctly targeted the disease allele (Figure [2](#F2){ref-type="fig"}B). Sequencing data for clones 2 (a corrected clone) and 8 (a non-corrected clone as a negative control) are shown as representatives to demonstrate the correction of the *FBN1* mutation in the MFS-iPSCs (Figure [2](#F2){ref-type="fig"}B). A single cytosine peak in the 5\' to 3\' chromogram (or a guanine peak in the 3\' to 5\' chromogram) for clone 2 appears at the predicted mutation site, indicating that the mutation has been correctly reversed from thymine. Whereas, clone 8 shows mixed peaks at the corresponding position, indicating the heterogenic nature in the locus caused by the mutation in one allele and WT in another (Figure [2](#F2){ref-type="fig"}B). Thus, we successfully corrected the mutation in *FBN1* in the MFS-iPSC line. Clone 1 of the four corrected (mcMFS-iPSC) clones was used throughout the study, and clone 2 was used in designated experiments. Both clones passed PluriTest based on their transcriptomes from microarray assay (Figure [S1](#SM1){ref-type="supplementary-material"}B), and remained positive for pluripotency markers OCT4, TRA1-81, and SSEA4 (Figure [S1](#SM1){ref-type="supplementary-material"}C) Thus, the gene targeting to correct the mutation did not compromise the pluripotency of MFS-iPSCs.

To assure that mcMFS-iPSCs be truly isogenic to MFS-iPSCs, we transiently transfected the mcMFS-iPSCs with a Cre-recombinase expression plasmid (pEF1α-CRE-IRES2-GFP) to remove the PGK-Neo cassette flanked by two LoxP sites. We sorted single GFP^+^ cells, expanded them to clones, and then verified the removal of the PGK-Neo cassette via PCR analysis on gDNA isolated from the GFP^+^ clones. Two forward primers (F3 and F4) aligning to the 5\' flanking sequence and Neo, respectively, and one reverse primer (R4) aligning to the 3\' flanking sequence were used to determine the removal of the cassette. Four clones were identified to have the transgene cassette removed by Cre-recombinase (clones \#8, 9, 11, and 12) as denoted with red asterisks (Figure [2](#F2){ref-type="fig"}C). These clones were further expanded and tested for functional assays.

Reversal of FBN1 expression in MSCs differentiated from mcMFS-iPSCs
-------------------------------------------------------------------

Since *FBN1* expression is abundant in MSCs but barely detectable in human ESCs or iPSCs [@B34], we differentiated both MFS- and mcMFS-MSCs into MSCs to examine the level of *FBN1* expression in these cell lines. Using western analysis, we found that FBN1 level was 3-4 fold lower in MFS-MSCs than mcMFS-MSCs (Figure [3](#F3){ref-type="fig"}A), attributable to the nonsense-mediated decay of *FBN1* mRNA [@B35] from the disease allele present in MFS-MSCs but corrected in mcMFS-MSCs.

As stated above, FBN1 can polymerize to form microfibrils by interacting with other ECM components including integrins, fibronectins, fibulins, collagens, and ELASTIN. Using a method described by Noda, *et al*. [@B36], we tested both elastic fibers and microfibrils (determined via immunostaining for ELASTIN and FBN1, respectively), which appeared fragmented and attenuated in the culture of MFS-MSCs, compared to those in the cultures of mcMFS-MSCs (Figure [3](#F3){ref-type="fig"}B).

Furthermore, a hyperactive TGFβ signaling is a hallmark of the MFS phenotypes and we demonstrated a higher level of TGFβ signaling in skin fibroblasts from the MFS patient (Figure [1](#F1){ref-type="fig"}F). So, we decided to test the level of phosphorylated SMAD2, key effectors of TGFβ signaling, which was reduced in mcMFS-MSCs in comparison to MFS-MSCs (Figure [3](#F3){ref-type="fig"}C). This is consistent with the notion that FBN1 mutation results in the compromise of the ECM structure, which then promotes TGFβ release to enhance TGFβ signaling of affected cells [@B9]. Thus, the above data together suggest that correction of the *FBN1* mutation not only reversed *FBN1* expression and corrected deformation of the ECM structure, but also reduced TGFβ signaling in MSCs derived from the MFS-iPSCs.

Differentiation of MFS-iPSCs and mcMFS-iPSCs into SMCs is not affected by the *FBN1* mutation
---------------------------------------------------------------------------------------------

Using the aforementioned method [@B37], [@B38], we differentiated MFS-iPSCs and mcMFS-iPSCs into SMCs (named MFS-SMCs and mcMFS-SMCs, respectively). As shown in Figure [4](#F4){ref-type="fig"}A, embryoid bodies (EB) derived from both MFS- and mcMFS-iPSCs efficiently differentiated into hemangioblasts (HBs) after culture in the HB medium for 2 days, which proliferated and formed grape-like morphology in next 3-4 days. After a total of 6 days in the HB medium, HBs were cultured in the SMC medium to further differentiate into SMCs.

We performed immunocytochemistry on the differentiated cells and found that they were positive for a SMC marker alpha smooth muscle actin (SMA). Like WT control SMCs, the MFS-SMCs were positive for another SMC marker calponin, and formed networks after co-culture on Matrigel with endothelial cells differentiated from the same iPSC line (Figure [4](#F4){ref-type="fig"}B).

Next, RT-PCR analysis shows that SMC markers including *ACTA2*, *SMMNC*, *MYH11*, *VE-CAD1*, and *SMTN* were expressed in both MFS- and mcMFS-SMCs, but not in WT hESCs (CT2) as a negative control (Figure [4](#F4){ref-type="fig"}C). Furthermore, FACS analysis demonstrates that almost 88.5, 88.7, and 90.8% of cells differentiated from the MFS-iPSCs were SMA, MYH11, and VE-CAD (CD144) positive, respectively (Figure [4](#F4){ref-type="fig"}D). So were cells differentiated from the mcMFS-iPSCs (data not shown). These results suggest that both MFS- and mcMFS-iPSCs could efficiently differentiate into SMCs similar to WT-iPSCs, which was not affected by the *FBN1* mutation.

Rescue of functional defects in MFS-iPSC derivatives
----------------------------------------------------

Since primary biological functions of SMCs include contraction to regulate blood pressure and blood flow, we measured the contractility of iPSC-derived SMCs in response to Carbachol [@B39]. We found that the ratio of contracting MFS-SMCs was about 1/4 of that for mcMFS-SMCs or WT-SMCs (Figure [5](#F5){ref-type="fig"}A), suggesting that the *FBN1* mutation accounts for the reduced ratio of contracting cells, which can be reversed following correction of the mutation. This phenomenon is specifically related to the hyperactive TGFβ signaling as the contractility was restored to the level in a WT (YK26-iPSC derived SMCs) and mc-MFS-SMCs following addition of SB431542, an inhibitor of the TGFβ signaling (Figure [5](#F5){ref-type="fig"}A).

Next, since calcium signals are critical for contractility of SMCs, we measured calcium signals in MFS- and mcMFS-SMCs. As shown in Figure [5](#F5){ref-type="fig"}b, Ca^2+^ influx is represented as normalized F340/F380 ratio to 1-μM Ionomycin. Carbachol at 10 μM elicited much smaller Ca^2+^ influx in MFS-SMCs in comparison with mcMFS-SMCs, consistent with the reduced ratio of contracting cells in MFS-SMCs. Furthermore, average Ca^2+^ influx was higher in mcMFS-SMCs than MFS-MSCs (Figure [5](#F5){ref-type="fig"}B).

MFS is a disorder that mainly affects mesenchymal tissues, *e.g.*, osteocytes, chondrocytes, and adipocytes. It has been known that MSCs derived from MFS-iPSCs and MFS-hESCs have reduced osteogenesis and enhanced chondrogenesis, which is attributed to hyperactive TGFβ signaling caused by *FBN1* mutations in MFS-MSCs [@B21]. Thus, we tested whether correction of the *FBN1* mutation would rescue any defects in MSCs derived from iPSCs. Indeed, we found that mcMFS-iPSC derived MSCs had the osteogenesis potential equivalent to WT (CT2) cells, whereas osteogenesis was remarkably impaired in two independent MFS-MSC clones MFS-1 and -2 (Figure [5](#F5){ref-type="fig"}C). However, we did not detect a discernable difference in terms of the chondrogenesis potential between MFS- and mcMFS-MSCs under the condition we used [@B40], [@B41]. Together, the above results suggest that these functional outputs may be pathologically relevant and can be reversed through correction of the *FBN1* mutation.

Differential gene expression profiles in MFS- and mcMFS-SMCs
------------------------------------------------------------

To understand the molecular mechanism underlying the phenotypic differences observed between MFS-SMCs and mcMFS-SMCs, we analyzed the global gene expression in two independent clones in two groups (with two biological replicates per clone, together eight samples) through microarray. First, we made the comparison of the datasets generated from different biological samples using scatter plots. When the probe intensities for all genes expressed in MFS-SMCs were plotted against the counterparts in either mcMFS-SMCs or MFS-iPSCs. The correlation in the gene expression profile between MFS-SMCs and MFS-iPSCs (R^2^ = 0.720) was much lower than the correlation in the gene expression profiles between MFS- and mcMFS-SMCs (R^2^ = 0.939), indicative of that there was a global change in gene expression during SMC differentiation (Figure [S2](#SM1){ref-type="supplementary-material"}A-B). Second, following normalization of the data amongst these samples and unsupervised hierarchical clustering, we found that two biological replicates of MFS- and mcMFS-SMCs clustered together much closer than between MFS- and mcMFS cell samples. Furthermore, the overall gene expression profiles in MFS- and mcMFS-SMCs were quite distinct (Figure [6](#F6){ref-type="fig"}A).

Using a volcano plot and subsequent analysis, we identified 547 genes expressed higher than 2-fold and 533 genes expressed lower than 2-fold in MFS-SMCs compared to mcMFS-SMCs (Figure [S2](#SM1){ref-type="supplementary-material"}C). Subsequently, these genes were analyzed based on their functional ontology using DAVID bioinformatics resources. The most upregulated genes in MFS-SMCs compared to mcMFS-SMCs belong to genes associated with inflammatory response (Figures [6](#F6){ref-type="fig"}B and S2E), whereas the most downregulated genes belong to genes encoding cell adhesion molecules including many collagen family proteins (Figures [6](#F6){ref-type="fig"}C and S2F). Consistent with the *FBN1* haplosufficiency in the MFS sample, the total amount of detected *FBN1* transcripts in MFS-SMCs is about 50% of that in mcMFS-SMCs (Figure [S2](#SM1){ref-type="supplementary-material"}D). We validated some of the genes by RT-PCR and real-time PCR, which consistently show that the levels of the cell adhesion genes *COL8A2*and *COL12A1* expressed in mcMFS-SMCs were 16.1- and 6.9-fold, respectively, of those in MFS-SMCs, whereas the levels of the inflammatory genes *IL8* and *IL1B* expressed in MFS-SMCs were 4.5- and 260-fold, respectively, of those in mcMFS-SMCs (Figure [6](#F6){ref-type="fig"}D).

Interestingly, contractile SMC marker genes including *ACTA2*, *MYH10*, *TAGLN*, *CALD1*, *CNN1*, and *MSN1*[@B42]-[@B44] were expressed \~20-50% more in mcMFS-SMCs than MFS-SMCs. In contrast, synthetic SMC marker genes including *SPP1*, *MMP1*, *MMP3* (which encode corresponding matrix metalloproteinases), and *FN*[@B42]-[@B44] were expressed higher in MFS-SMCs than mcMFS-SMCs (Figure [6](#F6){ref-type="fig"}E. This suggests that MFS-SMCs may have a characteristic of more synthetic and less contractile phenotype than mcMFS-SMCs, consistent with the higher contractility of mcMFS-SMCs than MFS-SMCs.

Confirmation of the MSC phenotypes by knocking out *FBN1* in a WT hESC line
---------------------------------------------------------------------------

The above findings support the pathogenetic role of a *FBN1* mutation via a gain-of-function approach by correcting the mutation in the MFS-iPSC. To validate and recapitulate the phenotypic findings in additional cell lines and, more importantly, through a loss-of-function approach, we created *FBN1* mutations in the GFP^+^ ENVY hESC line [@B26], using the clustered regularly interspaced short palindromic repeats (CRISPR) technology.

As described in the methods, we targeted exon 25 of the *FBN1* gene in ENVY hESCs using CRISPR-Cas9 nickase with two sgRNA as shown in figure [7](#F7){ref-type="fig"}A. After single cell cloning, we obtained a heterozygous biallelic mutant cell clone (clone 1, C1) with 11-bp deletion in exon 25 (between nucleotide 3288 and 3298 of *FBN1* mRNA) in one allele and substitution of 264-bp sequence in the upstream, including the splicing acceptor, of exon 25 by a sequence upstream of exon 24 in second allele, as determined by sequencing analysis (Figure [7](#F7){ref-type="fig"}A). RT-PCR analysis was conducted on C1 and a WT control using two sets of primers. Primer set 1 detected one band from C1, slightly smaller than the WT band indicating the 11-bp deletion (which will result in the premature termination during translsation). Primer set 2 detected two bands from C1 including a large and faint one (slightly shorter than the WT band) and a small and heavy band indicating the skipping of exon 25 during pre-mRNA splicing, which results from the 264-bp substitution (Figure [S3](#SM1){ref-type="supplementary-material"}B).

These mutations in the C1 hESCs did neither affect the morphology nor the pluripotency of the cells as determined by immunocytochemistry for pluripotency markers (Figure [S3](#SM1){ref-type="supplementary-material"}A). We differentiated the C1 hESCs into MSCs and cultured the MSCs under conditions to allow microfibrils formation. FBN1 was remarkably reduced in culture of C1-derived MSCs, compared to MSCs derived from the WT ENVY-hESCs which clearly expressed FBN1 mostly in the periphery of the cells (Figure [7](#F7){ref-type="fig"}B). Furthermore, consistent with the reduced osteogenesis observed with MFS-MSCs, markedly reduced osteogenesis was also found with ENVY-C1-MSCs compared to ENVY-WT-MSCs, but no obvious difference in condrogenesis existed between ENVY-C1s and ENVY-WT-MSCs (Figure [7](#F7){ref-type="fig"}C). Together, these data suggest that *FBN1* mutations in WT hESCs also reduce microfibril formation and osteogenesis of the cells, similar to the phenotypes of MFS-MSCs.

Discussion
==========

Modeling MFS has been mostly carried out in mice. However, it is difficult for a model mouse to recapitulate all pathology observed in MFS patients, especially for late-onset defects in skin, lens, and aorta. This is because mouse and human not only have great genetic and physiological differences in their affected organs, but are also exposed to substantially different environmental influences. The hPSC technology has provided unprecedented opportunity to model many genetic diseases in patient-specific manner. The first reported hPSC models for MFS displayed reduced osteogenic differentiation in both MFS iPSCs and hESCs derived from blastocyst-stage embryos carrying *FBN1* mutations, in comparison with WT controls [@B21].

In the present study, we first corrected a *FBN1* mutation in an MFS patient-derived iPSC line, differentiated the isogenic MFS- and mcMFS-iPSC lines into MSCs and SMCs to test osteogenic differentiation and contractility, respectively. Our results have demonstrated that correction of the mutation in the MFS-iPSCs can rescue compromised osteogenesis in the derivative MSCs, and reverse reduced ratio of contracting cells and altered calcium signals in the derivative SMCs. The novelty of our work lies in the fact that we analyzed the phenotypes of the *FBN1* mutant cells in comparison with their isogenic controls to dissect the underlying pathogenic mechanism for MFS. In addition, we generated a hESC model for MFS through a loss-of-function approach (*FBN1* knockout) with a consistent notion that *FBN1* mutation is responsible for reduced osteogenesis and microfibril formation.

It has been shown that enhanced TGFβ signaling inhibits osteogenic differentiation while promoting chondrogenesis in a TGFβ1 cell-autonomous fashion in MSCs derived from MFS-ESCs or -iPSCs [@B21]. The impaired osteogenic differentiation is consistent with osteopenia and bone fracture susceptibility in MFS patients [@B45]-[@B47]. Our data verified this phenotype and demonstrated that it can be rescued by correcting the *FBN1*mutation.

One of the most detrimental phenotypes of MFS is aortic aneurysm, which is mainly caused by degradation of the medial layer of aorta, characterized by fragmentation of elastic fibrils and phenotypic transformation of SMCs [@B48]. The β-adrenergic blocker propranolol, calcium antagonist verapamil [@B49], and angiotensin II receptor antagonist losartan [@B12], [@B50] have been found effective in treating aortic aneurysm in pediatric MFS patients, probably by controlling hemodynamic impact on the aorta. Losartan may, in part, produce its effect by inhibiting SMAD2/3 activation, independent of TGFβ receptor stimulation [@B51].

In conclusion, this study has generated iPSCs from a MFS patient and an isogenic control by correcting the *FBN1* mutation in the iPSCs. Tissue-specific phenotypes demonstrated in MSCs and SMCs derived from the MFS-iPSCs were reversed in the mutation-corrected cells. Furthermore, the phenotypic alterations in microfiber formation, osteogenesis, and chondrogenesis were recapitulated in a WT hESC line with *FBN1* knockout in both alleles, compared to the parental isogenic control cells. Thus, our findings confirmed the pathogenetic role of *FBN1* mutations in these phenotypic changes. These isogenic hPSC sample pairs, together with the identified phenotypic changes, may serve as platforms to study the pathogenesis of MFS and screen for new therapies for this genetic disease.

Materials & Methods
===================

iPSC derivation and culture
---------------------------

One skin fibroblast line \#GM21974 derived from a MFS patient was obtained from Coriell Cell Repositories, which harbored a premature stop codon mutation. The fibroblasts were reprogrammed with STEMCCA lentivirus as described [@B52]. Five days post-transduction, the cells were harvested with trypsin, and \~10^5^ transduced fibroblasts were seeded onto a 10-cm dish coated with gamma-irradiated mouse embryonic fibroblast (MEF) feeders. Colonies with morphology similar to hESCs were manually passaged and transferred to new irradiated MEF feeders approximately every week and expanded to generate iPSCs. All the methods were carried out in accordance with the National Institutes of Health Guidelines on Human Stem Cell Research. All the experimental protocols were approved by the University of Connecticut Stem Cell Oversight Committee.

Three WT pluripotent cell lines derived in this laboratory were used as controls, including two iPSC lines YK26 reprogrammed from human dermal fibroblasts via retroviral transduction[@B30] and BJ reprogrammed from human foreskin fibroblasts via lentiviral transduction of the STEMCCA vector, and one hESC line CT2 [@B53]. Both iPSCs and hESCs were cultured on MEF feeders in a hESC culture medium (20% Knockout Serum Replacer and 4 ng/ml bFGF in DMEM/F12).

Teratoma formation
------------------

iPSCs were injected intramuscularly into the left hind leg of immunodeficient SCID mice at \~2 x 10^6^ cells/mouse. Teratomas developed within 6-8 weeks, and were removed from mice for histological analysis including hematoxylin and eosin staining. This method was carried out in accordance with the University of Macau Animal Ethics Committee guidelines, and the experimental protocol was approved by this committee.

Correction of *FBN1* mutation in MFS-iPSCs via TALEN-assisted genome editing
----------------------------------------------------------------------------

Briefly, two TALENs were assembled using the Golden Gate TALEN assembly kit (Addgene) with the left TALEN binding to TCT GCA GAA ACC ATC AAG and the right TALEN binding to TCA CCC ATC AAT GAC AG. A targeting vector was constructed via subcloning of PCR fragments, generated through overlapping PCR using a Herculase II fusion DNA polymerase (Agilent), comprised of exons 21 and 22 of *FBN1*, flanked by a PGK-Neo fragment, and cloned into the backbone of the PGKdtabpA plasmid [@B54].

MFS-iPSCs were first singularized with Accutase (Millipore EMD) and approximately 10^6^cells were transfected with 10, 10, and 20 μg of the left, right TALENs, and the targeting vector, respectively, using Nucleofector (Lonza) according to the manufacturer\'s protocol. Post-transfection, cells were transferred onto Matrigel-coated plate and selected for neomycin-resistant cells in the presence of 1 mg/ml G418 (Life Technologies). The survival cells were subjected to single cell cloning and multiple clones were expanded for verification of correction of the mutation and sustained pluripotency of the cells. Primers used for the verification are listed in Table [S1](#SM1){ref-type="supplementary-material"}.

*FBN1* knockout in hESCs via CRISPR/Cas9-based genome editing
-------------------------------------------------------------

Complementary oligos for the generation of sgRNA expression were annealed and cloned into the BbsI sites of pSpCas9n(BB)-2A-Puro (Addgene plasmid ID: 48141). ENVY hESCs were cultured in mTeSR medium (Stem Cell Technologies). For co-transfection of paired sgRNAs, 1 μg of each sgRNA plasmid was mixed with 8×10^5^ ENVY cells. Transfection was performed by using P3 Primary Cell 4D-Nucleofector Kit according to the manufacturer\'s protocol. After 24 hours post-transfection, the cells were treated with puromycn (0.5 μg/ml) for 7 days to select positive clones.

T7EN1 assay and sequencing analysis
-----------------------------------

Genomic DNA was isolated via phenol:chloroform extraction and alcohol precipitation. Targeted regions were PCR generated from genomic DNA using primers as listed in Table [S1](#SM1){ref-type="supplementary-material"}. PCR products were denatured and reannealed in a thermocycler (Bio-rad). Hybridized PCR products were digested with T7 endonuclease 1 (NEB) for 30 min. at 37°C and analyzed via agarose gel electrophoresis. For sequencing analysis, PCR products carrying genomic modifications were purified and cloned into the T-easy cloning vector (Promega). Cloned products were sequenced using M13 primers (BGI).

SMC differentiation
-------------------

We differentiated both hESCs and iPSCs to SMCs as described [@B37]. Briefly, hESC or iPSC colonies were partially digested using collagenase IV. Cell clumps were re-suspended in an embryoid body (EB) differentiation medium, *i.e.*, Stemline II supplemented with 50-ng/ml bone morphogenetic protein 4 (BMP4) (R&D Systems) and 50-ng/ml vascular endothelial growth factor (VEGF) (Life Technologies) in a 6-well Ultra-low Attachment plate (Corning Life Science). After 48 hours, a half of the differentiation medium was replaced with the medium containing 50-ng/ml BMP4, 50-ng/ml VEGF, and 20-ng/ml basic fibroblast growth factor (bFGF) for additional 48 h. EBs formed in this condition were collected and incubated with Trypsin/EDTA (Life Technologies) for 2 to 3 min. The dissociated EBs were then incubated in a blast growth medium for up to 6 days. Suspended single cells with grape-like morphology were harvested and further differentiated into SMCs in SMC medium (Lonza) for 4-5 days.

MSC generation, microfiber formation, and osteogenic differentiation
--------------------------------------------------------------------

The protocol used for MSC generation from hESCs [@B55], [@B56] was used in this study. Microfibers were formed by MSCs according to the method decribed by Noda, *et al*. [@B36]. Briefly, we differentiated MFS- and mcMFS-iPSCs into MSCs and then let the cells to overgrow without medium refreshment for 12-14 days. Osteogenic differentiation was conducted using the StemPro Osteogenic Differentiation Kit (StemPro) by following the manufacturer\'s instructions. Briefly, MSCs were grown in monolayers to 80% confluency, then harvested by TrypLE (Thermo scientific) before seeding. 5 x 10^3^cells/cm^2^ viable cells, as determined by trypan blue stain, were re-plated on a 12-well tissue culture plate. After the reattachment, the cells were fed every 2-3 days with osteogenesis differentiation medium for \~21 days. Cells were stainied with Alizarin Red O according to the manufacturer\'s protocol.

Immunocytochemistry
-------------------

Cultured cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton, washed, and incubated with primary antibodies. Pluripotency was verified using antibodies against TRA1-60 and TRA1-81 (Santa Cruz Biotech), SSEA3 and SSEA4 (Hybridoma Bank), OCT4 and NANOG (Stemgent Inc.). Microfibrils were detected by using antibodies against FBN1 and ELASTIN (Abcam) were characterized using antibodies against SMA and calponin (Abcam). Cell nuclei were counterstained with DAPI.

Western analysis
----------------

Protein samples were separated on SDS-PAGE gels (Bio-Rad) and then transferred to PVDF membranes (Bio-Rad Laboratories). The membranes were blocked with 5% nonfat milk and incubated with antibodies against FBN1, SMAD2/3, phosphorylated SMAD2 (p-SMAD2), and GAPDH (Santa Cruz) at 4 °C overnight followed by washing with TBS-T solution for three times. Membranes were incubated in horseradish peroxidase (HRP)-labeled secondary antibodies (Biorad) for 30 min. and followed by TBS-T washing three times. Finally, target protein bands on the membranes were visualized using chemiluminescent HRP substrate (Biorad).

RT-PCR, qRT-PCR, and microarray
-------------------------------

RNA was isolated from cells using TRIzol reagent (Life Technologies), and cDNA synthesized from RNA using Superscript II (Life Technologies), according to the manufacturer\'s protocol. Gene expression was assessed through PCR with primers for specific genes (Table [S1](#SM1){ref-type="supplementary-material"}) under the following conditions: an initial 5-min. denaturation at 95 °C; followed by 30 cycles of 45 sec. of denaturation at 95 °C, 45 sec. of annealing at 55 °C, and 45 sec. of extension at 72 °C; and completed with a final extension at 72 °C for 10 min. The PCR reactions were spread on TBE gel via electrophoresis and DNA bands visualized via ethidium bromide staining.

For real-time PCR, the RT samples were analyzed by using Quantifast SYBR Green (Qiagen) on ABI 7500 Fast System with the primers indicated (Table [S1](#SM1){ref-type="supplementary-material"}). The following conditions were used in qPCR: 2 min at 50 ^o^C, 10 min at 95 ^o^C, and 40 cycles of 15 sec at 95 ^o^C and 1 min at 60 ^o^C. GAPDH was tested as an endogenous reference to calculate the relative expression level of target genes. The results are displayed as relative mRNA levels.

For microarray experiment, RNA was isolated using Purlink RNA mini kit (Life Technologies) and cDNA libraries were synthesized and processed by using HumanHT-12 v4 Expression Beadchip at the Yale Stem Cell Center Genomics Core. Further analysis was performed using Beads Studio Software (Illumina) and Excel software. PluriTest based on microarray data of iPSC lines was conducted using the corresponding software at [www.pluritest.com](http://www.pluritest.com) [@B28].

The microarray dataset for SMC samples was normalized and filtered to remove data points with detection *P* value \> 0.01 in at least 50% of the samples[@B57]. Two normalization methods were utilized to analyze the dataset on the basis of their biological relevance. First, average probe intensity of all biological and technical replicates was used to make comparison in gene expression profile between test and control groups. Second, the probe intensity of analyzed genes in the MFS-iPSCs was used as a reference line to monitor the gene expression change during differentiation into SMCs.

FACS analysis
-------------

For intracellular proteins, cells were harvested in ice-cold PBS, fixed in 0.01% formaldehyde, and permeabilized with 0.5% saponin. Then cells were incubated with a primary antibody, subsequently with fluorophore-conjugated secondary antibody, and analyzed on BD Bioscience Accuri C6 using the Accuri C6 software.

Luciferase reporter assay
-------------------------

By using a pGL3-based TGFβ reporter plasmid containing 12 TGFβ-responsive element repeats and the minimal promoter of thymidine kinase gene TK, *i.e.*, (TRE)~12~/TKprom-Luc[@B29], we detected TGFβ signaling level in cells treated with or without 10 μM SB431542. The luciferase assay was performed by transfecting cells using FuGENE HD (Roche Applied Science) on day 1 with each of the reporter vectors together with a trace amount (1/20 of the DNA amount for the test vector) of pRL-tk plasmid (Promega) to express Renilla luciferase as an internal control. Cells were harvested on day 3 and the lysates were assayed for both the firefly and Renilla luciferase activities using the Dual-Luciferase Reporter Assay System (Promega) on a 3010 Luminometer (BD Biosciences). The ratio of relative luciferase/*Renilla*activities was displayed as relative luciferase activity.

Contractility assay on SMCs[@B39]
---------------------------------

SMCs were passaged to about 20% confluent on gelatin-coated plate, and treated with or without SB431542 (10 μM) 24 h prior to the contractility assay. Cells were stained with Calcein AM (2 μM), starved in phenol-free DMEM, and treated with CCh (10 μM), followed by time-lapse recording for 30 minutes. Percentage of contractile cells was calculated as ratio of the number of contracting cells over the number of total cells per view, and displayed is the average of ratios from five separate views per group.

Method for analysis of Ca^2+^ signal assay
------------------------------------------

SMCs were plated on 25 mm glass coverslips, and loaded with 5-μM Fura-2 acetoxymethyl ester (Molecular Probe) and 0.1% pluronic F-127 (Sigma) in Tyrode solution for 20 minutes at room temperature. Non-incorporated dye was washed away with Tyrode solution containing NaCl 148 mM, KCl 5 mM, CaCl~2~ 2 mM, MgCl~2~ 1mM, glucose 10 mM, and Hepes 10 mM (pH 7.4). Ca^2+^ transients were evoked by treatment of 10-μM CCh in Tyrode solution. Ionomycin at 1 μM was used as an internal control. Fluorescence intensities at 510 nm with 340-nm and 380-nm excitation were collected at a rate of 1 Hz using CoolSNAP HQ2 (Photometrics) and data were analyzed using NIS-Elements (Nikon). Cytosolic Ca^2+^ was measured by ratio of fluorescence intensity at 340 nm and 380 nm (F340/F380) normalized to that of the Ca^2+^ signal elicited by 1-μM Ionomycin as previously reported [@B58].

Statistical analyses
--------------------

Data are presented as mean ± SD. Student\'s *t* test was used for statistical analysis. Percentage data was arcsine transformed prior to analysis. *P* \< 0.05 was considered significant, and *P* \< 0.01 highly significant. Statistical analysis of the microarray data is described in Results.
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![Derivation of iPSCs from skin fibroblasts of a MFS patient. (A) Immunocytochemistry of iPSCs derived from the patient (MFS-iPSCs) for pluripotency markers with nuclei counterstained by DAPI. Scale bars, 100 μm. (B) PluriTest® of MFS-iPSCs. (C) Karyotype of MFS-iPSCs at passage 11. (D) MFS-iPSCs formed teratoma with tissues derived from the three germ layers. Scale bars, 200 μm. (E) Validation of the *FBN1* mutation in both fibroblasts from the patient (MFS-Fib) and MFS-iPSCs. (F) Luciferase assay to report TGFβ signaling level in MFS-Fib and WT control fibroblasts (HDFα), \**P* \< 0.01 and \*\**P* \< 0.001.](ijbsv13p0588g001){#F1}

![Correction of *FBN1* mutation in the MFS-iPSC line. (A) A schematic of the genome targeting strategy for correcting the *FBN1* mutation (marked with a red asterisk) in exon 22. Red lines denote the endogenous sequences after targeting. Primers used to validate the targeting and removal of the residual cassette are shown on the map. (B) Correct targeting was found in four of nine selected clones as verified through PCR. Amplicons from each clone were sequenced forward and reversely, which confirmed the correction of the mutation (2581C\>T). Clone 2 is a representative positive clone and clone 8 a representative incorrectly targeted clone. (C) The removal of the cassette by transient transfection of a Cre-recombinase expression vector and validation PCR to show the removal of the cassette from the clones with asterisk above.](ijbsv13p0588g002){#F2}

![Characterization of the MFS- and mcMFS-MSCs. (A) Western analysis to detect FBN1 in MFS- and mcMFS-MSCs. (B) Immunocytochemistry for FBN1 and ELASTIN to detect microfibrils formation by MFS- and mcMFS-MSCs. Scale bars, 100 μM. (C) Western analysis to detect phosphorylated SMAD2 in MFS- and mcMFS-MSCs.](ijbsv13p0588g003){#F3}

![Characterization of SMCs differentiated from MFS- and mcMFS-iPSCs. (A) A schematic of the differentiation protocol and morphologies of embryoid bodies (EB), hemangioblasts (HB), and SMCs. Scale bars, 100 μm. (B) Immunocytochemistry for SMA in SMCs and calponin upon network formation by SMCs and endothelial cells. Scale bars in B, 50 μm for SMA, 100 μm for the other proteins. (C and D) RT-PCR (C) and flow cytometry (D) for expression of SMC markers.](ijbsv13p0588g004){#F4}

![Functional characterization of MFS- and mcMFS-SMCs. (A) Percentage of contractile cells, \**P* \< 0.01. SB stands for SB431542, and YK26 for SMCs differentiated from a WT human iPSC line YK26. (B) Changes of normalized F340/F380 Ca^2+^ signal elicited by CCh (left panel). Average changes (mean ± SEM) of the Ca^2+^ signal in mcMFS-SMCs (n = 21), MFS-SMCs (two clones with n = 15 for both), and WT (YK-26) SMCs (n = 20), \**P* \< 0.01 (right panel). (C) Osteogenic differentiation from WT, MFS-, and mcMFS-iPSCs, followed by staining with Alizarin Red. Scale bars, 200 μm.](ijbsv13p0588g005){#F5}

![Transcriptomic analysis of MFS- and mcMFS-SMCs. (A) Heat-map of unsupervised data from microarray on the two groups (two clones per group). (b-c) Heat-map of differentially expressed genes associated to cell adhesion (B) and inflammation (C). (D) Expression of some of the genes was confirmed via RT-PCR (left panel) and qPCR (right panel). (E) Heat-map showing differential expression of contractile and synthetic SMC markers.](ijbsv13p0588g006){#F6}

![**Knockout of *FBN1* in ENVY hESCs and subsequent phenotypic analysis.**(A) Schematic for CRISPR/Cas9n-assisted knockout of *FBN1* in hESCs. (B) Immunostaining for ELASTIN and FBN1 in MSCs differentiated from ENVY hESCs with (C1) or without (WT) *FBN1* knockout. (C) Alizarin red and alcian blue staining for osteogenic and chondrogenic differentiation, respectively, of the ENVY-WT- and ENVY-C1-MSCs. Scale bars, 100 μM**.**](ijbsv13p0588g007){#F7}
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